Background-It is unknown whether abnormal heart rate turbulence (HRT) and abnormal fractal properties of heart rate variability identify older adults at increased risk of cardiovascular death (CVdth).
Abnormal heart rate variability (HRV) is an independent risk factor for cardiovascular mortality in clinical [1] [2] [3] [4] and population-based studies. 5, 6 These studies have generally used time domain (statistical) or frequency domain (power spectral or autoregressive) measures of HRV that quantify how much HRV is present. More recently, novel measures of HRV have been developed. Among them are the short-term fractal scaling exponent (alpha 1 or DFA1) that quantifies the regularity of the heart rate. Another novel measure, heart rate turbulence (HRT), characterizes the response of heart rate to the perturbations associated with ventricular premature beats. Both of these measures have provided greater predictive power for CVD mortality than traditional HRV measures like SDNN (the standard deviation of normal-to-normal interbeat intervals) in clinical studies of patients with heart failure and in patients postmyocardial infarction. [7] [8] [9] [10] The ability of these two novel HRV measures to predict CVdth in an older population, with or without CVD, has not been tested. The Cardiovascular Health Study (CHS), a multicenter, population-based study of risk factors for cardiovascular disease (CVD) in older adults offers the opportunity to test the impact of these measures. 11 HRV measures were derived from 24-hour Holter monitoring in 1,429 participants ≥65 years old who volunteered to have a recording at the baseline examination and were followed for a median of more than 12 years.
Methods

Study Population
Recruitment methods for the CHS have been published. 19 In brief, a random sample of individuals ≥65 years of age, derived from Medicare eligibility lists, and other household members ≥65 years, were invited to participate in the study. Potential participants were excluded if they were institutionalized, were unable to attend clinic visits, or had illnesses that were expected to lead to early death. Five thousand two hundred and one participants were recruited in 1989-1990 (original cohort) and 687 in 1992-1993 to provide additional representation of African Americans (new cohort). All participants signed informed consent upon entry into the study.
The Holter cohort for this study (N=1,429) was recruited from the original cohort at the time of the baseline examination (year 2). Our prior analysis has shown that the demographic and clinical factors in the Holter cohort and the total CHS cohort were similar. 12
Baseline Examination
At baseline examination, participants completed standardized interviews and answered questions regarding past medical history. 13 They also underwent standardized examinations that included: electrocardiograms, measurement of the anklearm index, blood pressure, and fasting laboratory tests. 14 Diabetes was defined as fasting glucose >125 mg/dL or use of hypoglycemic medications. Subjects were followed twice yearly following enrollment.
Covariates
In order to assess the impact of DFA1 and HRT on CVD mortality relative to traditional risk factors for CVD, we adjusted our analyses by the Framingham Risk Score (FRS) that includes CVD risk factors such as age, gender, blood pressure, and cholesterol. The FRS was calculated for each participant based on separate formulas for men and women. 15 In addition, because diabetes, a strong risk factor for CVD mortality, is not included in the FRS, the presence of diabetes was added to the models.
Prevalent CVD was defined as a confirmed diagnosis of coronary heart disease, stroke, or heart failure. 11 Confirmation of deaths was ascertained through reviews of obituaries, medical records, (including hospital and nursing home records, as well as physician questionnaires), death certificates, and the National Death Index and Health Care Finance Administration (HCFA) health care utilization database for hospitalizations. Through these methods, there was 100% ascertainment of vital status. 16 Cause of death was defined as cardiovascular if the underlying cause of mortality was determined to be cardiac or cerebrovascular. 16 
Ambulatory ECG Monitoring and Assessment of HRV
Holter tapes were recorded on Del Mar Avionics recorders that have a calibrated timing signal and processed by research technicians at the Washington University School of Medicine Heart Rate Variability Laboratory (St. Louis, MO, USA), using a GE Marquette MARS 8000 Holter analyzer (GE-Marquette, Milwaukee, WI, USA). All Holter analyses were reviewed in detail by one of us (PKS), with special attention paid to ensuring that only normal-to-normal (N-N) beats with uniformly detected onsets were included in the HRV analyses. The longest and shortest true N-N intervals were identified for each tape, and intervals outside of these limits, including blocked atrial premature contractions (APCs) as well as ectopic beats, were excluded from all HRV calculations. HRV was calculated from beat-to-beat files exported to a Sun Enterprise 450 server (Sun Microsystems, Santa Clara, CA, USA) using validated research software.
Of the 1,384 tapes with usable ECG data, 36 were excluded because of atrial fibrillation or pacemakers. Forty-eight recordings with a wandering atrial pacemaker or a cardiac rhythm too irregular to accurately identify normal beats were also excluded. Of the remaining tapes, 1,198 were acceptable for 24-hour nonlinear HRV analysis that required at least 18 hours of data with ≥80% normal-to-normal (N-N) intervals. Only four participants were excluded from the analysis because excessive ventricular premature contractions (VPCs) caused them to have <80% N-N intervals.
Heart Rate and Time Domain HRV
To compare the relative ability of traditional and novel HRV measures to predict CV mortality, 24-hour average heart rate and the standard deviation of the intervals between normal heart beats over 24-hours (SDNN; in ms) 1 were included in the analyses. Decreased SDNN is an established risk factor for mortality among patients post-MI. 1 The number of VPCs was determined for each recording. A high number of VPCs is also a risk factor for post-MI mortality. 1
Short-Term Fractal Scaling Exponent
Nonlinear HRV analysis quantifies the randomness or degree of self-similarity of heart rate patterns at different time scales. Detrended fluctuation analysis (DFA) quantifies the shortterm self-similar properties of the R-R interval time series. 17, 18 The short-term fractal scaling exponent (DFA1) is determined for 4-11 beat sequences of R-R interval data. 19 DFA1 of 0.5 would indicate a totally random signal and a DFA1 of 1.5 would indicate one that is totally correlated. In the current analysis, DFA1 was calculated from N-N intervals only.
HRT
HRT quantifies the response of the sinus node to VPCs. 20 Two indices are calculated: turbulence onset (TO) and turbulence slope (TS). In healthy hearts, there is generally a brief sinus tachycardia after a VPC. TO measures the magnitude of this tachycardia as the percentage of change in N-N interval of the sinus rhythm two beats after the VPC compared to the two beats before. In healthy hearts, this index is negative or zero. Thus, a TO > 0 is abnormal (no immediate tachycardia or possibly bradycardia). TS quantifies the slower oscillation in heart rate (tachycardia, bradycardia, then return to baseline) that follows a VPC as the largest fitted slope of the N-N intervals between any 5 beats within 15 beats of the VPC. These indices require ≥5 VPCS for calculation and are determined as an average of all of the VPCs on the recording. HRT indices are usually analyzed as categorical variables.
The usual cutpoint for abnormal TS is < 2.5 ms/beat and for TO is > 0 based on data from post-MI patients in the ATRAMI study. 7 Because we are studying the population-based elderly, we explored other cutpoints for TS and TO, using univariate Cox regression analysis, and found the optimal cut point that separated those who died of CVD causes and those who did not in the CHS to be TS <3 and TO >0. Thus, participants were categorized as having abnormal HRT if either TS or TO was abnormal using these cutpoints. Participants with <5 qualifying ventricular premature beats (in whom HRT could not be calculated) were categorized as having normal HRT, and those with >5 VPCs in whom HRT could not be calculated (N = 20) were excluded from the analysis.
Statistical Analysis
Univariate Cox regression analyses tested the relationship of the FRS (categorized as <10, 10-20, or >20), presence of clinical CVD, quartiles of VPC counts, diabetes, heart rate, SDNN, high versus low DFA1, and normal versus abnormal HRT with CVD mortality. Predictors that were significant in the univariate analysis were combined in a multivariate Cox regression analysis and then the analyses was stratified by categories of FRS. A P < 0.05 was considered statistically significant. Population attributable risks in percent, associated with abnormal HRT and DFA1, were calculated as: 100* [P ABN (RR -1)]/[1 + P ABN (RR -1)], where P ABN is the prevalence of the abnormal HRV risk factor and RR is the relative risk associated with that risk factor. SPSS 14 (SPSS Inc, Chicago, IL, USA) software was used for these analyses. Table 1 describes clinical and demographic covariates. Mean age was 72±5 years and the majority was female (55%) and white (96%). Fifteen percent had diabetes. Relatively few (9%) smoked, 44% had hypertension, and 22% had prevalent CVD.
Results
Unadjusted Relationship of Predictors to Cardiovascular Mortality
There were 451 deaths during follow-up (median 12.3 years). Of these deaths, 172 were due to CVD. CVD death occurred in 10% (N=94) of participants without prevalent CVD and in 30% (N=81) of participants with prevalent CVD. Because the FRS was designed to estimate risk of CVD mortality among people without CVD, we separately tested whether the FRS predicted CVD mortality among participants with and without prevalent CVD. Although the relationship was weaker among those with prevalent CVD, FRS was significantly related to CVD death in both groups (data not shown). They were therefore combined for all further analyses. Table 2 shows the univariate relationships of covariates with CVD mortality. Higher FRS category, prevalent clinical CVD, decreased SDNN, increased VPC counts, presence of diabetes, lower DFA1, and abnormal HRT all predicted CVD mortality.
Multivariate Relationships of Predictors to Cardiovascular Mortality (Table 3)
Univariate predictors of CVD mortality were combined into multivariate models for CVD mortality risk, and then the model was categorized by stratum of the FRS. SDNN was no longer associated with CVD mortality after adjustment for covariates. Clinical CVD remained independently associated with CVD mortality at each level of the FRS. Diabetes was associated with CVD mortality only in the group with the highest FRS. Notable is the group with both low DFA1 and abnormal HRT. At each stratum, these participants were at increased risk of CVD mortality. The strongest independent effect on CVD mortality was in the lowest FRS stratum (RR 7.7, 95% CI 3.7-16.0, P < 0.001). The combination of low DFA1 and normal HRT was also associated with increased risk of mortality, but only in the group with the highest FRS. VPC counts in the highest quartile were associated with CVD mortality in the group with the highest FRS only. Figure 1 shows covariate-adjusted survival curves for CVD mortality at each level of the FRS. In the low FRS group, only participants with abnormal HRT and low DFA1 were at high risk of CVD mortality. In the intermediate FRS group, there was a trend for those with low DFA1 and normal HRT to have increased mortality (P nonsignificant) and a markedly poorer survival among those with abnormal HRT and decreased DFA1. In the high FRS group, there was poorer survival of participants with low DFA1, independent of HRT.
To put these findings into perspective, we calculated the population attributable risk (PAR) associated with abnormal DFA1 and HRT for each stratum of FRS. In the low FRS stratum, the PAR of having both these HRV measures abnormal was 23%. In the middle FRS stratum, the PAR was 19%. Among those with high FRS, the PAR for having only DFA1 abnormal was 11%, while that for having both measures abnormal was 17%, so the combined PAR for abnormal HRT was 28%.
Discussion
In this study of older adults, the novel HRV measures DFA1 and HRT had a strong relationship with cardiovascular mortality over approximately 12 years follow-up. This relationship was stronger than that of traditional time domain HRV or the number of VPCs over 24 hours. Further, this association was present after adjustment for prevalent CVD, diabetes, and the FRS. At each stratum of the FRS, the combination of lower DFA1 with abnormal HRT was a stronger risk factor for CVD mortality than the presence of diabetes or clinically diagnosed CVD.
Decreased DFA1 may be viewed as a marker of erratic heart rate patterns, that is, sinus arrhythmia that is highly irregular and does not reflect respiration-associated heart rate changes. It is unclear whether decreased DFA1 reflects sub-clinical SA-nodal dysfunction, a loss of integration of the multiple feedback loops involved in cardiovascular regulation, or both. In the Rotterdam study, erratic heart rate patterns were associated with increased mortality from ischemic heart disease. 21 In a different analysis, we have shown that a higher prevalence of erratic heart rate patterns, identified using a semiquantitative method, was associated with an increased risk of mortality in the CHS 22 and that more erratic heart rate patterns in association with antiarrhythmic therapy predicted mortality in the Cardiac Arrhythmia Suppression Trial (CAST). 23 In post-MI studies, DFA1 has been shown to be a better predictor of mortality than traditional HRV measures. 8, 9 Abnormal HRT is a predictor of mortality post-MI in both retrospective and prospective analyses. 7 It is believed to be a marker for autonomically mediated baroreceptor functioning. 24 It reflects the sensitivity of the cardiovascular system to the loss of cardiac output that follows the diminished filling during a VPC and the compensatory increase in cardiac output with the following beat. 25 Thus, abnormal HRT may reflect a loss of the adaptive ability of the cardiovascular system to changes in blood pressure or heart rate.
Another point regarding our results should be noted. The finding that an increased VPC count over 24 hours was associated with CVD mortality in the elderly, but only in those with the highest FRS scores, has not previously been reported. A recent study from ARIC (Atherosclerosis Risk In Communities) reported an increased risk of CVD mortality in middle-aged adults who had VPCs on a 2-min rhythm strip, compared with those who did not. 26 An association of increased ventricular ectopy and CVD mortality on short recordings was reported for men without coronary heart disease in the Framingham Heart Study. 27 In a different study, among subjects over 85 years old, a markedly increased risk of mortality was found among subjects with a high VPC count on 24-hour recordings. 28 Finally, in a study of 678 healthy older and middle-aged men, having ≥30 VPCs/hour was a significant independent predictor of an increased cardiac event rate over 5-year follow-up. 29 In contrast, our highest quartile of VPCs had >153 VPCs over 24 hours, or about 6 events/hour, and elevated VPC-associated risk was found only among those with a high FRS.
We found that combining DFA1, HRT, and VPC count better identified high-risk participants, as compared with using any one index alone. This suggests that multiple autonomic disturbances are a strong marker for physiologic dysfunction. This conclusion has precedence in two other studies. In the ATRAMI (Autonomic Tone and Reflexes After Myocardial Infarction) study, decreased SDNN (standard deviation of N-N intervals) in association with abnormal HRT was significantly associated with mortality over a mean of 20 months of post-MI follow-up. In the CAST (Cardiac Arrhythmia Suppression Trial), abnormal circadian HRV together with increased randomness of HRV predicted mortality. 10 The limited applicability of our results should be noted. HRT is calculated from a signalaverage of at least 5 VPCs and is relatively robust. Some commercial Holter systems are able to calculate HRT, and the algorithm is available online for research purposes. 30 Having fewer than five VPCs may be considered equivalent to normal HRT. Identification of patients with a high number of VPCs is already possible from Holter recordings. Accurate values for DFA1 require scanning of Holter recordings to research standards to ensure that erratic HR patterns are not due to uneven beat detection by the scanning software. At the present time, although the algorithm for DFA1 is available online, 31 DFA1 is not available in any commercial system. Furthermore, it is not yet clear whether calculations of DFA1 from R-R or N-N intervals would be optimal. However, accurate Holter scanning technology is evolving rapidly, and the potential of measures like DFA1 to improve risk stratification should result in their being incorporated into commercial Holter systems.
Conclusion
Holter-based factors reflecting erratic rhythm, abnormal baroreflex function, and increased ventricular ectopy identify older adults at increased risk of CVD mortality over a median of approximately 12 years of follow-up. This increased risk is independent of prevalent CVD, diabetes, and traditional risk factors for CVD. The use of a combination of novel Holterbased measures improves the identification of at-risk individuals compared to the use of any single measure and also compared to the use of SDNN, a traditional HRV measure. Finally, Holter-based risk stratification for CVD mortality among the elderly using measures of HRV is not limited to people with increased CVD risk or those with prevalent CVD. Survival curves for cardiovascular death among participants with normal values of DFA1 and HRT compared with those who had: Abnormal DFA1 and normal HRT, abnormal HRT and normal DFA1, or abnormal DFA1 and abnormal HRT. Analyses were stratified at different levels of the Framingham Risk Score (FRS). (A) is for FRS < 10, (B) is for FRS=10-20, and (C) is for FRS >20. * N for multivariate model = 1,178 because HRT could not be categorized in 20 participants. CVD = cardiovascular disease; DFA1 = short-term fractal scaling exponent; TO = heart rate turbulence onset; TS = heart rate turbulence slope; VPC = ventricular premature contractions.
